Fractional abundances of 14 C and 13 C in dissolved organic carbon (DOC) in sediment porewaters may hold important clues about organic carbon cycling in sediments. Yet there is a dearth of isotopic signatures for porewater DOC because of the difficulty associated with oxidizing DOC in seawater. At present, marine DOC can be processed for analyses of 14 C and 13 C with high precision and minimal contamination by ultraviolet (UV) oxidation, but this method is resource intensive and could be difficult to implement. To resolve this, a thermal sulfate reduction (TSR) method, previously developed to determine 13 C in seawater DOC (Fry et al. 1996), was modified and tested for 14 C and 13 C determination in porewater DOC. CO 2 yields from six test materials ranged between 90% and 108%. d Application of TSR to archived porewater DOC samples from a sediment incubation experiment revealed notable changes in isotopic values that were not readily discerned in the DOC concentration data alone. The total uncertainty in the 14 C values after blank correction was ± 0.005 to 0.02 fraction modern (Fm) for sample sizes ranging between 143 and 560 µg C. For systems where precision on the order of ± 0.02 Fm is acceptable, TSR could be a viable alternative to UV oxidation for processing small, concentrated marine DOC samples.
Marine DOC and determination of its isotopic signatures
Dissolved organic carbon (DOC) is the largest pool of reduced carbon in the oceans, being comparable in size to the amount of CO 2 in the atmosphere (Hedges 1992) . Marine DOC is also a highly complex pool both in composition and dynamics (Benner 2002) . Marine primary production is considered to be the major source of DOC to the ocean's interior (Williams and Druffel 1987; Opsahl and Benner 1997) , but additional sources likely exist, including rivers and ocean margins (Bauer and Druffel 1998; Raymond and Bauer 2001; Dittmar and Kattner 2003; Bouillon et al. 2008) , hydrocarbon seeps (Wang et al. 2001; Pohlman et al, 2011) , hydrothermal systems , and sediment porewaters (Burdige et al. 1999; Tremblay et al. 2007) .
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*Corresponding author: E-mail: tkomada@sfsu.edu ues for marine porewater DOC have been reported in only a handful of studies (Bauer et al. 1995; Alperin et al. 2000) .
Several different methods have been developed to oxidize DOC to CO 2 for subsequent determination of 14 C and 13 C. As summarized by Bauer (2002) , these can be broadly categorized into three types: (1) UV oxidation (Armstrong et al. 1966; Williams 1968; Williams et al. 1969; Williams and Gordon 1970; Druffel et al. 1989; Bauer et al. 1998; Beaupré et al. 2007 ), (2) sealed-tube dry combustion (Fry et al. 1993; Fry et al. 1996) , and (3) flow-through high-temperature oxidation (Bauer et al. 1992a,b; Druffel et al. 1992; le Clercq et al. 1998) . Among these, UV oxidation is, at present, the most commonly adopted method for determining 14 C in marine DOC, because of its overall superior analytical performance. For example, recent work by Beaupré et al. (2007) shows that it is possible to obtain 14 C values at high precision (±3‰) with minimal blank interference (<3 µg C in a 1 L sample) using this technique. However, one drawback to UV oxidation is that it requires the construction of a photochemical reactor interfaced with a dedicated vacuum line, and hence could be difficult to implement. Also, this method has traditionally been developed to process large volumes of seawater (>~1 L) with low DOC concentration. Therefore, small-volume (tens of milliliters) samples, such as sediment porewaters require dilution prior to analysis. While dilution is feasible given the low blanks, this additional step could significantly increase analysis time (Beaupré et al. 2007 ). Flow-through systems are suited for small-volume samples, but also require the construction of dedicated infrastructure, and can have large system blanks (Bauer et al. 1992a; le Clercq et al. 1998) . Hence, there is a need for an oxidation method for small-volume DOC samples with a low system blank and minimal infrastructure needs.
In contrast to UV oxidation and flow-through systems, sealed-tube dry combustion requires relatively simple instrumentation: standard preparatory vacuum line and a muffle furnace. Earlier work that employed this technique encountered a number of analytical difficulties (see below), but recent modifications made by A. McNichol (NOSAMS, WHOI) and W. Martin (Marine Chemistry and Geochemistry, WHOI) have shown that this technique can be used to determine 14 C in DOC (A. McNichol pers. comm.) . In addition, dry combustion may be particularly suited for porewater, because it readily accommodates small volume samples. Therefore, the goal of this study was to modify the dry combustion method of Fry et al. (1996) , and to test its efficacy for the determination of 14 C and 13 C in porewater DOC.
Dry combustion by thermal sulfate reduction (TSR)
To oxidize DOC in seawater by dry combustion, the sample is first dried, and the salts and organics are heated in a sealed glass vessel in the presence of an oxidant. Alperin and Martens (1993) determined DOC concentrations in sediment porewaters by drying and combusting the samples in quartz tubes at 850°C using CuO as oxidant. Because quartz is susceptible to corrosion when heated in the presence of salts, these authors used the double-tube method (where the sample tube is encased within another tube) to prevent sample losses by explosion. The procedural blank was 80 ± 20 µM for a sample volume of 3.0 mL. Fry et al. (1993) also used a similar dry combustion technique to determine DOC concentration and DO 13 C in seawater, but combusted their samples in borosilicate tubes at a lower temperature of 580°C in the presence of Pt as a catalyst, thereby circumventing the explosion problem. However, a drawback to both of these methods is the use of CuO as oxidant, which likely results in the production of basic anhydrides such as CaO and MgO from sea salt. These oxides can absorb CO 2 generated during the combustion, potentially affecting not only yield, but also isotopic signatures through fractionation (Fry et al. 1993 (Fry et al. , 1996 .
To overcome this problem, Fry et al. (1996) modified the dry combustion method so that CuO was no longer necessary. In this method, the sample is combusted overnight at 580°C with an excess of SO 4 2-as oxidant (from here on referred to as thermal sulfate reduction; TSR):
where "CH 2 O" represents organic carbon. Briefly, the sample is dried in the presence of H 2 PtCl 6 , which acidifies the sample and introduces Pt as a potential catalyst, then combusted at 580°C after addition of a drop of concentrated H 2 SO 4 . The oxidant SO 4 2-is supplied as part the natural salt background of the sample, or added as K 2 SO 4 reagent in the case for samples from reducing environments that are naturally depleted in SO 4 2-. After removal of most SO 2 from the combustion products, the remaining gas containing CO 2 is combusted again in the presence of MnO 2 and CuO to scrub residual SO 2 and halogens (450°C, 30 min). Fry et al. (1996) report good CO 2 recovery (94% to 100%), precise DOC concentrations (±7%), and oceanographically consistent d 13 C values. However, the size of the blank amounted to 5% to 15% of the total signal, and d 13 C of the blank varied widely between -26‰ and -56‰. As described in their appendix, Fry et al. (1996) revised the method further by replacing H 2 PtCl 6 with H 3 PO 4 , and revamping the drying procedure to reduce sample handling. With these modifications, they were able to reduce the blank size by more than 50%, and constrain its d 13 C value to between -27‰ and -25‰. These improvements made TSR a promising candidate for oxidizing marine DOC for 14 C analysis, but it was not tested for radiocarbon by Fry et al. (1996) .
The goal of this study was to further modify the TSR method of Fry et al. (1996) and to assess its efficacy in determining DOC concentrations and 14 C and 13 C in porewater DOC. Prior to our work, A. McNichol (NOSAMS, WHOI) and W. Martin (Marine Chemistry and Geochemistry, WHOI) succeeded in determining 14 C in marine DOC using the Fry et al. (1996) method as described in their appendix after making the following additional changes (A. McNichol pers. comm.): (1) the sample is combusted in the presence of H 2 SO 4 , HCl, and Johnson and Komada 14 C in DOC by thermal sulfate reduction Pt(IV) chloride; (2) a round bottom flask is used as a sample vessel instead of a tube; (3) both combustions are carried out at 550°C; and (4) in the second combustion, MnO 2 is replaced by Ag. Modifications 2-4 were directly incorporated into the method described below.
Materials and procedures
The TSR method described here (Fig. 1) was designed specifically for porewater DOC samples that typically range in concentration from ~200 µM to >1 mM, with salinity of 35 or less. The sample volumes tested were ~30 mL or less (volumes typically recovered from sediment cores), although the method could accommodate volumes up to 60 mL. All glassware were soaped, acid washed in 10% HCl, rinsed thoroughly with deionized water, then baked at 550°C for 4 hours. Stainless steel tools, aluminum foil, and Ag foil were also baked at 550°C for 4 h. CuO and K 2 SO 4 were baked at 850°C for 4 h.
Each sample was dried and combusted in a 100 mL, standard wall, round bottom borosilicate flask equipped with a 25 cm long, 9 mm O.D. neck. A pre-determined amount of K 2 SO 4 (Fisher Certified ACS, crystalline) was first added into the flask so that the K 2 SO 4 :DOC molar ratio was 200 or more (Fry et al. 1996) . We observed that K 2 SO 4 :DOC molar ratios of less than 200 can result in low CO 2 recovery. It should be noted that the total mass of salt (salt in the sample itself plus K 2 SO 4 reagent) should not exceed 2.5 g; flasks containing salt in excess of 2.5 g developed deep cracks after combustion causing many of them to fail. The sample size was therefore adjusted so that the K 2 SO 4 :DOC molar ratio was met without exceeding the total salt limit. To prevent loss of sample onto the interior of the flask neck, 6 mm OD glass tubing was first inserted into the flask, through which the sample was pipetted. This was followed by addition of an excess of H 3 PO 4 (~1 mL; Fisher HPLC grade, 85%) to acidify the sample to < pH 2. Introduction of liquids in this order minimized sample loss to the interior of the 6 mm tubing. The amount of sample and reagents added into the flask were determined by weighing the flask after each addition. The mixture was swirled gently to ensure that reagents and sample were well mixed, and the 6 mm tubing was removed. Addition of K 2 SO 4 before drying the sample ensured that the oxidant came into close contact with the organics, which facilitates sample combustion (Fry et al. 1996) .
The sample was transferred into a fume hood and stripped of dissolved inorganic carbon (DIC) with ultra-high purity (99.999%) N 2 . The N 2 gas was delivered through a 3 mm OD copper tubing after passing through a hydrocarbon trap (Restek cat# 22012) and a 2 µm vent filter unit (Millex SLFG85010). The N 2 gas was delivered into the sample flask via a 3-mm OD glass tubing connected to the copper tubing with a stainless-steel union (Swagelok). To ensure complete removal of DIC, as well as dissolution of any precipitates that formed in the sample during frozen storage, the 3 mm tubing was submerged into the sample and allowed to bubble gently for 5 min. The 3 mm tube was then raised to approximately 2 cm above the sample surface, allowing N 2 gas to gently agitate the sample surface. At this point, the sample flask was immersed in an 80°C water bath to expedite drying. Throughout the stripping and drying processes, the flask opening was loosely covered with a piece of aluminum foil to prevent particles from falling into the sample while allowing gases to escape.
Once there were no visible signs of water (~2.5 h), a constriction was made on the flask neck (positioned at 8 cm from the flask opening), and the sample flask was attached to the vacuum manifold and pumped for 15-20 h while immersed in a 45°C water bath. This was carried out over 2-3 d until pressure in the manifold reached ~20 mTorr, at which point the sample was flame sealed. Fry et al. (1996) reported that in order to obtain consistent results, a drop of H 2 SO 4 should be added to the dried sample prior to drying on the vacuum line. We initially adhered to this protocol, but later found that omission of this drop resulted in no detectable difference in the overall results. H 2 SO 4 was originally employed to increase the acidity of the sample prior to sealing (B. Fry pers. comm.), but excess H 3 PO 4 used in the present method likely made H 2 SO 4 redundant. Hence the use of H 2 SO 4 was eliminated in later analyses; the data presented here include results from samples processed with and without the drop of acid.
The sealed sample was combusted at 550°C for 4 h, cooled completely in the furnace, and cracked open under vacuum within 8 h. The cracker consisted of a convoluted vacuum hose (Swagelok 321-8-X-6) connected to an 11 mm threaded adapter (Ace Glass 7644-10) via an ultra-torr union (Swagelok SS-8-UT-6). Resulting gases were first dried over a dry iceethanol trap, followed by a liquid nitrogen trap to remove noncondensable gases. To separate CO 2 from SO 2 (Eq. 1), the remaining gas was processed with an open n-pentane bath immersed in liquid nitrogen (from here on referred to as "pentane trap") that was similar in configuration to that of Mizutani and Oana (1973) , but with dimensions given by Kusakabe (2005) . It should be noted that n-pentane is a highly flammable liquid that exerts high vapor pressure at ambient temperature. Therefore, this trap should never be used near an open flame. The details of the separation procedure have been described elsewhere (Oana and Ishikawa 1966; Mizutani and Oana 1973; Kusakabe 2005) . In principle, the two gases are separated near the melting point of n-pentane (-130.8°C), at which point CO 2 exerts measurable vapor pressure, while SO 2 does not. To maximize the efficiency of CO 2 collection, the gas remaining in the pentane trap after CO 2 sublimation was subjected to two additional freeze-thaw cycles. During each cycle, the sample was allowed to thaw until the SO 2 sublimation signal was detected (~2 min). All three CO 2 aliquots were pooled and frozen into a 9-mm borosilicate breakseal tube containing 60 mg CuO (EMD) to remove residual SO 2 , and 10 mg Ag foil (Sigma Aldrich) to remove residual halogens. The sample tube was then combusted at 550°C for 4 h.
After the second combustion, the resulting gas was again dried over a dry ice-ethanol trap, and the final CO 2 was quantified using a capacitance manometer (MKS Baratron) with a precision of ≤ ± 2% and split for isotopic analyses. Approximately 90-120 µg C aliquots were submitted to the Stable Isotope Laboratory at U.C. Davis for determination of 13 C by dual-inlet isotope ratio mass spectrometry (IRMS) with an instrumental precision of ± 0.04‰. Results are given using the d notation (permil deviation of 13 C/ 12 C ratio from V-PDB). Aliquots ranging from 106 to > 1000 µgC were graphitized using a sealed-tube zinc reduction method according to Xu et al. (2007) , and submitted to the Keck-Carbon Cycle AMS facility at U.C. Irvine for determination of 14 C by accelerator mass spectrometry (AMS). Results are given in units of fraction modern (Fm; Stuiver and Polach 1977) .
Assessment

Size and possible sources of the analytical blank
The analytical blank should ideally be small and reproducible in both size and isotopic composition so that the measured signal can be corrected for the blank signal (Hwang and Druffel 2005; Santos et al. 2007; Shah and Pearson 2007) . The size of the blank was determined by processing 30 mL of UVirradiated deionized water (Milli-Q A10 Gradient) by TSR. Milli-Q water was chosen over artificial seawater as the blank, because it eliminated the incorporation of blank carbon associated with the preparation of artificial seawater itself, and because K 2 SO 4 reagent provided > 50% of the total salt in all of our samples. DOC present in the Milli-Q water was deemed negligible, because CO 2 yields from blanks with and without Milli-Q water were statistically indistinguishable (see below). Therefore, any CO 2 quantified was considered to originate from sample handling (i.e., ambient dust, pump oil, atmospheric CO 2 , etc.) and from the reagents.
Before assessing the size of the blank, we first narrowed down the list of reagents to include in this experiment. As discussed in the "Introduction," the reagents used to process DOC samples by TSR have undergone multiple revisions without clear assessment of their impact on overall performance. Reagents were used for 3 reasons: (i) H 3 PO 4 , HCl, H 2 SO 4 , or H 2 PtCl 6 as acidifying agents; (ii) K 2 SO 4 as oxidizing agent (note that this is not necessary if sufficient SO 4 2-is present in the sample); and (iii) Pt(IV) chloride as potential catalyst for DOC oxidation. In this experiment, we tested H 3 PO 4 and H 2 SO 4 as acidifying agents, and Pt(IV) chloride as a potential catalyst for DOC oxidation. The use of HCl was avoided to minimize damage to the vacuum pumps. Addition of K 2 SO 4 was deemed necessary for porewater samples, because SO 4 2-is typically depleted in marine sediments due to organic matter oxidation by sulfate reduction.
We assessed the amount of blank carbon introduced by the different reagents by comparing CO 2 yields from the following three types of blanks: Blank-1 contained one drop of H 2 SO 4 and one drop of Pt(IV) chloride (Fisher SP119); Blank-2 contained one drop of H 2 SO 4 only; and Blank-3 contained one drop of H 2 SO 4 , 0.5 to 3 g of K 2 SO 4 , and ~1 mL H 3 PO 4 . Blank-1 (n = 5), Blank-2 (n = 7), and a subset of Blank-3 (Blank-3a; 8 out of n = 18) were processed using the method described under "Materials and procedures," with the only difference being that the samples were dried using an oven instead of a water bath in step (2) of Fig. 1 . The resulting carbon yields were 19 ± 9, 12 ± 5, and 9 ± 4 µgC for Blank-1, -2 and -3a, respectively (Fig. 2) . These results showed that Pt(IV) chloride could be a significant source of blank carbon, whereas H 3 PO 4 and K 2 SO 4 contributed negligible blank above and beyond that from sample handling and small amounts of H 2 SO 4 . We therefore eliminated Pt(IV) chloride from the TSR method; further tests showed that this omission did not affect the oxidation efficiency (see next section). The lower values for Blank-3a compared to Blank-2 likely reflected the overall increased proficiency of the analyst with increased number of samples processed.
Another subset of Blank-3 (Blank-3b; 6 out of n = 18) were processed as described in "Materials and methods." The use of a water bath instead of a drying oven reduced the blank by roughly 35% to 6 µg C ( Fig. 2 ; see "Comments and recommendations" for possible explanation). To further assess the blank contributions from the presence of Milli-Q water and drying the sample under a stream of N 2 gas, the remaining samples (Blank3c; 4 out of n = 18) were prepared without the addition of Milli-Q water and dried directly on the vacuum line ("dry sample" in Fig. 1 ). This did not measurably reduce the blank (Fig. 2) , hence the size of the blank was calculated as the average of Blank-3b and Blank-3c giving 5.7 ± 0.7 µg C, which amounted to ≤ 4% of the samples analyzed to date (≥143 µg C). Given the negligible difference between blanks with and without Milli-Q water (Blank-3b and -3c), a subset of solid-phase test reagents and standard materials were processed without the addition of Milli-Q water to reduce sample processing time (Fig. 1) .
Carbon yield
Two experiments were conducted to assess carbon yield. First, we determined whether acidification and bubbling were sufficient to quantitatively remove DIC from porewater with high DIC content before combustion. Second, a series of standard materials and test samples were processed to assess the oxidation efficiency of a range of complex natural organic matter, including porewater DOC. Alperin and Martens (1993) showed that sealed-tube high-temperature combustion effectively oxidizes porewater DOC. To the best of our knowledge, no such test has been done using a low-temperature combustion method.
DIC removal Fine-grained sediment was collected from the uppermost 3-5 cm of an intertidal mudflat adjacent to C3 and C4 vegetation stands in San Francisco Bay in August 2010. Previous analyses have shown that porewater DIC concentration in these surface sediments is ~3 mM (Komada unpubl. data) , which is low relative to DIC concentrations commonly observed in porewaters of coastal sediments (reaching 10s of mM; e.g., Presley and Kaplan 1968; McCaffrey et al. 1980) . Therefore, prior to the experiment, the sediment sample was stored at 4°C in a sealed container for 14 d to increase porewater DIC levels. After incubation, the sediment was centrifuged, and the porewater was filtered (0.7 µm glass fiber) and stored frozen in 20 mL glass scintillation vials. Orange amorphous precipitate formed in the samples as a result of freezing. To assess DIC stripping efficiency, the samples were thawed and the entire contents of the vial were processed as described in "Materials and procedures." All solids, including the orange precipitate in the sample, dissolved within 5 min of bubbling with N 2 . 3 mL of the sample-reagent mixture were drawn at 5, 10, and 20 min after the initiation of bubbling to determine DIC by flow injection analysis (Hall and Aller 1992; 1% precision) . The DIC content of the sample dropped from a pre-acidification value of 4.9 mM to below detection limit (0.01 mM) within 5 min of bubbling.
Oxidation efficiency Oxidation efficiency was evaluated using 5 different materials ranging from easily oxidized pure compounds to complex natural organic matter: dextrose (DX), tannic acid (TA), humic acid (HA), bituminous coal, and two samples of estuarine porewater DOC (Table 1) . CO 2 yields were compared with those determined by high temperature combustion (HTC) using a Shimadzu TOC-V instrument, and by sealed quartztube combustion (STC) in the presence of CuO and Ag (Druffel et al. 1992) . Shimadzu TOC-V was operated as described by Sharp et al. (1993) , but with a carrier gas at a flow rate of 150 mL min -1 , and a sparging time of 1.5 min for 4 mL samples. The condensation coil was removed, and the combustion column was topped with platinum wire pillows (Carlson et al. 2004) . Samples were diluted manually by mass to < 120 µM before analysis. Two to four DOM consensus reference materials (Hansell laboratory, RSMAS, http://yyy.rsmas.miami.edu/ groups/ biogeochem/ CRM.html) were analyzed each analytical day. LCW and DSR (batch# 07-08) concentrations averaged 2 ± 1 and 44 ± 2 µM, respectively. DX and TA were made into solution with Milli-Q water. HA and coal were processed as solids. Two porewater DOC samples were prepared from sediments from the sampling site Solid and dashed lines are the median and the mean, respectively. Numbers 1-3 refer to Blank-1, -2, -3, respectively. Blank-1 contained a drop of H 2 SO 4 and Pt(IV) chloride; Blank-2 contained one drop of H 2 SO 4 only; Blank-3 contained a drop of H 2 SO 4 , ~2 g K 2 SO 4 , and ~1 mL H 3 PO 4 . Blank-3 was further separated into 3a, 3b, and 3c according to differences in the drying method employed in step (2) of Fig. 1 (indicated  in parentheses) . Blank-3c was processed without Milli-Q water, and was dried on the vacuum line only (see text for details).
described in the DIC removal experiment. The first sample (PW SFB-1 ) was collected by centrifugation from a sediment sample that had been frozen since the time of collection in July 2005. The porewater thus collected was frozen, thawed, then filtered (0.7 µm, glass fiber) to remove particulates that formed during frozen storage. It was then pooled and acidified to pH < 3 with HCl, and frozen again in 20 mL glass scintillation vials until analysis. No further precipitation was observed in this sample. The second porewater sample (PW SFB-2 ) was extracted from the sediment used in the DIC removal experiment described above, and analyzed for DOC by HTC immediately after collection and filtration. After analysis by HTC, the remaining PW SFB-2 was frozen in 20 mL glass scintillation vials. PW SFB-2 was processed by TSR by transferring the entire contents of each vial (solution plus precipitate) into the flasks.
Consistent with the reaction stoichiometry given in Eq. 1, there was a 1:3 relationship between the amount of CO 2 recovered and the amount of total dry condensable gases that were present prior to SO 2 removal (Fig. 3) . CO 2 yields ranged from 90 ± 12 for coal to 108 ± 8% for PW (Table 2) , similar to the findings of Fry et al. (1996; 94% to 100%) . Combusted samples showed no evidence of charring. These results suggest that the omission of Pt as a potential catalyst did not adversely affect the oxidation efficiency, and that the modified TSR method described here can effectively oxidize natural organic matter including coal and porewater DOC.
Isotopic fidelity
A sufficiently large blank with an isotopic composition that is different from that of the sample can cause the measured isotopic value of the sample to be offset from its "true" value. Because the size of the blank amounted to as much as 4% of the sample mass, we processed a series of isotopic standards by TSR to determine the effect of blank carbon on their measured isotopic values.
If the size and isotopic composition of the blank are both constant, the measured isotopic value of a sample can be expressed as the weighted mean of the true isotopic value of the sample (R s ) and that of the blank (R b ) (Hwang and Druffel 2005; Santos et al. 2007; Shah and Pearson 2007) : (Eq. 2) where R is the isotopic ratio (or Fm), m is the mass of carbon, and subscripts s and b refer to sample and blank, respectively. In Eq. 2, R s+b is the measured isotopic value, and m s+b is the sum of m s and m b , or the amount of carbon recovered from the sample as CO 2 . If the blank signal is sufficiently large, a plot of R s+b against m s+b -1 should result in a straight line with a y-inter- Fig. 3 . Amount of CO 2 recovered as a function of the total amount of dry condensable gases before removal of SO 2 . Solid line shows the predicted CO 2 to total gas ratio of 1:3 as shown in Eq. 1. Sample abbreviations and descriptions are given in Table 1 .
cept equal to R s , and a slope equal to m b (R b -R s ). By processing varying amounts of at least two standards with known isotopic signatures, it should be possible to evaluate both the isotopic value (R b ) and the mass (m b ) of the blank (Hwang and Druffel 2005) . We processed two isotopic standards, IAEA-C5 (subfossil wood) and IAEA-C6 (modern sucrose; Rozanski et al. 1992; Xu et al. 2010 ; Table 1 ) to constrain the size and isotopic composition of the blank. The size of the blank was also used to check for internal consistency with the directly quantified mass of the blank. TA, HA, and PW SFB-1 , and PW SFB-2 were also processed in replicate to assess the accuracy and reproducibility of d
13
C values. Furthermore, we processed porewater DOC samples from the Santa Monica Basin, California Borderland, by both TSR and UV oxidation (Beaupré et al. 2007 ) and compared the d (Table 3) . These values were compared with consensus values (IAEA-C5 and C6) or to those determined independently by combusting large (>0.9 mg C) samples by STC (TA and HA). d C against sample mass gave slopes that were not significantly different from zero (P = 0.137; not shown), indicating that the d 13 C of the blank was sufficiently close to those of the samples, such that its effect was not readily detected in the overall measured signal, and/or that the method introduced sufficient noise to prevent detection of the blank signal. TSR generated consistently lower d 13 C for HA compared with STC, but the difference was not significant (P = 0.067). The d
C values of unknown samples processed by TSR were therefore not corrected for blank carbon.
We assessed the precision of TSR-derived d ± 0.4‰, respectively, with no obvious trend with sample size. The >2‰ difference between the two samples was not unexpected given that these were from different sediment samples that were handled very differently. The overall precision achieved in this exercise (± 0.4‰ or better) was comparable with that reported previously (± 0.2‰; Fry et al. 1996) .
Size and 14 C value of the blank The Fm of IAEA standards processed by TSR showed greater deviation from the consensus values with decreasing sample size (Table 4 , Fig. 4a,b) . A similar trend was observed for standards that were processed by STC, indicating that TSR and STC introduced comparable amounts of blank signal, and that the extra sample handling involved with TSR relative to STC (introduction of multiple reagents into the reaction vessel; prolonged drying time on the vacuum line; two combustions instead of one) did not result in significant alteration of the measured isotopic values beyond that observed in our STC samples.
The Fm values of IAEA-C5 and C6 varied linearly against the inverse of the sample size as predicted by Eq. 2 (Fig. 4c,d ). Linear regression through these trends gave y-intercepts that were within error of the consensus values (Fig. 4c,d ). Using the slopes of these two regressions, m b and R b were calculated from Eq. 2 as 2 ± 4 µgC and 0.4 ± 0.2 Fm, respectively. Uncertainties were estimated by propagating the standard errors of the slopes and the uncertainties of the consensus values. The size of the blank was comparable to the directly quantified blank (Fig. 2) , and to the blank associated with STC that was previously determined in our laboratory by direct quantification (1-2 µg C). The Fm of the blank was consistent with its sources being a mixture of dead (most likely fossil carbon in vacuum grease and pump oil associated with the vacuum line) and modern carbon likely introduced during general sample handling.
Based on these results, the Fm of all unknowns processed by TSR were corrected for blank carbon using Eq. 4 in Hwang and Druffel (2005) , which is a function of R s+b of the unknown and processed standards (in this case IAEA-C5 and C6), the known R s of the standards, m s+b of the unknown and the processed standards, and m b . Of the two m b estimates, the Carbon concentrations determined by HTC (in mM) or STC (in wt%). DOC concentrations were determined by HTC using a Shimadzu TOC-V instrument. PW SFB-2 was analyzed immediately after collection, before freezing. For unclear reasons, there were small, but detectable inter-vial variation for PW SFB-1 and PW SFB-2 , which resulted in overall large uncertainties for these samples. Uncertainties in STC values originate largely from weighing error. † Ratio of column 4 to column 3. Uncertainties reflect the spread in the TSR data only.
directly determined value (5.7 ± 0.7 µg C; Fig. 2 ) was used in these calculations, because it was greater of the two and better constrained (using the regression-derived m b resulted in essentially the same blank-corrected values, but increased the uncertainty by ~30% due to greater propagated error; results not shown). The measured Fm of all processed IAEA-C5 and C6 shown in Fig. 4 that were <1.0 mg in size (including the C6 standard that was excluded from the regression) were used in the blank correction (Hwang and Druffel 2005) , resulting in 14 blank-corrected Fm per unknown. The final blank-corrected Fm was determined as the average of the 14 individual blank-corrected values. The uncertainty of the final blank-corrected Fm was estimated as the standard deviation of the 14 individual blank-corrected values, which was greater than the total propagated error. The uncertainty ranged from ± 0.005 Fm for samples that were > 450 µg C, to as large as ± 0.02 Fm for the smallest unknown processed (143 µg C; see below).
Comparison of Fm and d
C of natural porewater DOC obtained by TSR and UV oxidation
Porewater DOC from the center of the Santa Monica Basin (900 m; 33.75 N 118.83 W) in the California Borderland was used for this exercise. Sediment cores were recovered using a multicorer in July 2008 aboard R/V Point Sur; detailed description of the coring and porewater sampling procedures are given elsewhere (Burdige and Komada 2011). DOC samples were filtered using 0.2 µm Nylon disposable filters with 0.7 µm GF/F pre-filter (Whatman 6870-2502), and frozen until analysis in pre-combusted 20 mL borosilicate scintillation vials with Teflon-lined caps. Determined by combusting large (>0.9 mgC) samples as solids by STC, and analyzing the evolved CO 2 by IRMS (instrumental precision ± 0.04‰). HA was acid-fumigated before analysis by STC. ‡ Consensus values from Rozanski et al. (1992) . § Two splits from the same sample were analyzed. Table 1 ). Dashed lines are linear regressions through the TSR data (see Eq. 2). The data point indicated with an asterisk in panels (b) and (d) was considered an outlier and was excluded from the regression.
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Given the limited amount of porewater that could be collected from a given depth interval in a given core (< ~20 mL), we were forced to compare TSR and UV oxidation using DOC samples from different cores. To minimize spatial heterogeneity, we processed samples recovered from a depth interval of 29-30 cm where DOC concentrations determined by HTC showed minimal variation across replicate profiles (Komada et al. in prep.; Table 5 column 12). Three samples were processed: two by TSR, and one by UV oxidation. UV oxidation was carried out at the Druffel laboratory, U. C. Irvine, as described in Beaupré et al. (2007) , but after diluting the sample (~15 mL) with pre-irradiated deionized water to 1 L in the photochemical reactor.
The Fm values obtained by the two methods showed excellent agreement: 0.767 ± 0.005 Fm by UV oxidation, and 0.77 ± 0.01 and 0.748 ± 0.009 Fm by TSR (Table 5 ). The factor of 2 greater uncertainty associated with TSR relative to UV oxidation reflect greater noise associated with TSR as presently conducted in our laboratory (Fig. 4) . The three d 13 C values also agreed closely. Given that natural heterogeneity is expected across cores, this level of agreement lends strong support to the TSR method as a means for processing porewater DOC samples for 14 C and 13 C.
Discussion
The modified TSR method described here serves as an important addition to the techniques that are currently available for oxidizing marine DOC to CO 2 for subsequent determination of 14 C and 13 C. In contrast to UV oxidation whose performance has been optimized to process large-volume samples (>10 2 mL) that are low in DOC (≤10 2 µM), TSR is suited for samples that have high DOC concentrations (10 2 -10 3 µM), but are limited in volume (10 0 -10 1 mL). There is no need for customized infrastructure to carry out TSR, and hence should be relatively simpler to implement, especially for laboratories that are already equipped with standard preparatory vacuum lines. One important limiting factor is that the TSR-derived 14 C values generated in our laboratory to date have uncertainties ranging from ~ ± 0.005 to 0.02 Fm (Table 5 ; also see Fig. 5 ), making this method roughly an order of magnitude less precise than UV oxidation (Beaupré et al. 2007) . Nonetheless, as shown in the next section, natural variability of Fm of porewater DOC can greatly exceed this level of uncertainty.
Application of TSR to the investigation of porewater DOC cycling
We tested the applicability of the TSR method to the investigation of porewater DOC cycling by analyzing a set of archived DOC samples that were collected during a sediment incubation study carried out in the fall of 2007. The details of the incubation experiment are given elsewhere (Polly 2009 ). Briefly, organic-rich near-shore sediment was incubated in sealed glass vessels under SO 4 2-reducing conditions for 130 d, during which porewater and solids were collected periodically to monitor changes in the concentration and isotopic composition of major carbon pools. The DOC samples were filtered (0.2 µm polysulfone) and frozen immediately in 20 mL borosilicate scintillation vials with Teflon-lined caps until analysis by TSR in the fall of 2010. DOC concentrations (determined by TSR) ranged from 1.30 to 1.50 mM, and TSR sample sizes ranged from 143 to 556 µgC.
During the 130-d incubation period, DIC concentration increased by more than 6 fold from ~7 mM to 44 mM as a result of organic matter oxidation by SO 4 2-reduction (Polly 2009 ). In contrast, DOC concentration remained largely unchanged after the 25th day of the incubation (Fig. 5a ). While the concentration data may suggest that there was little to no DOC production and consumption during the final ~100 days of the incubation, analysis of these samples by TSR showed significant variation in Fm, indicating that the composition of DOC was continuously changing with time (Fig. 5b) . The d 13 C value dropped by ~3‰ at the start of the incubation, then remained largely constant for the remainder of the experiment (Fig. 5c) . Overall, these data indicate small net production of porewater DOC that was isotopically depleted relative to DOC that was present at the start of the incubation. Further analyses of these and related data are presented and discussed elsewhere (Komada et al. in revision) . Sample storage and DOC quantification Similar to UV oxidation, TSR ameliorates the problem associated with the preservation of porewater DOC samples. White to orange/brown precipitates frequently form in porewater samples when they are frozen (e.g., Alperin and Martens 1993) . While the majority of these precipitates appears to dissolve upon acidification, direct comparison of DOC concentrations determined by HTC with those from TSR and UV oxidation shows that HTC can systematically underestimate DOC in previously frozen porewater samples, likely due to under sampling of such precipitates (Johnson and Komada unpubl. data) . DOC concentrations from the 29-30 cm depth interval in the SMB cores obtained by TSR and UV oxidation were higher than HTC values by a factor of 1.2 to 1.7, and showed closer agreement with each other than among the HTC data (Table 5) . Unlike with HTC where a subsample is withdrawn for analysis, the whole sample is processed by TSR and UV oxidation, so that any precipitates present in the sample can be quantitatively oxidized. Formation of precipitates may be prevented by refrigerated storage, but unlike oligotrophic surface waters (Tupas et al. 1994) , it is unclear whether refrigeration is suitable for porewater DOC preservation. The results shown here suggest that porewater samples can be safely frozen immediately after collection for later processing by TSR (or by UV oxidation) for both DOC concentration and isotopic analyses. This is an advantage given that it is not always practical to analyze porewater DOC samples by HTC immediately after collection.
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Comments and recommendations
To generate data with good precision and accuracy, it is critical that the blank is small relative to the sample, and its size and isotopic composition are reproducible. Our results suggest that the large and erratic blanks such as those reported previously (e.g., Fry et al. 1996) are likely from sample handling, and to a lesser extent, from impurities in the reagents. As seen in Fig. 2 , the blank decreased by roughly 35% simply by drying the sample over a water bath instead of in an oven. The specific reason for the blank reduction is unclear, but may be due to the fact that the sample flask and N 2 gas line can be configured in their ideal orientations with significantly fewer maneuvers when using a water bath than when using an oven. Regardless of whether the drying procedure used here or an alternative method is to be adopted, it is imperative that each laboratory determines and monitors its own blank.
The lower DOC concentration limit for this method is determined by sample volume and the size and the isotopic composition of the blank. Setting the maximum sample volume to 60 mL, it should be possible to process seawater samples with DOC concentrations of ≥ 200 µM with an error of ≤ ±~0.02 Fm. Therefore, in addition to porewater samples, this method could be applicable to other relatively DOC-rich marine samples, such as coastal and estuarine waters, and seawater that has been concentrated and partially desalted by ultrafiltration or reverse osmosis-electrodialysis (Vetter et al. 2007; Koprivnjak et al. 2009 ). The sample volume should be carefully adjusted such that sufficient DOC is introduced into the flask without exceeding the 2.5 g total salt limit. For example, 60 mL of 200 µM oxic DOC sample with salinity of 35 will require addition of 0.13 g of K 2 SO 4 to meet the required SO 4 :DOC molar ratio of > 200, and this can be done without exceeding the total salt limit of 2.5 g. Samples that are sufficiently more concentrated in DOC will require greater addition of K 2 SO 4 ; such samples should be combusted in smaller aliquots to avoid introduction of salts in excess of 2.5 g. To this end, it is strongly recommended that the analyst determines the approximate concentrations of both DOC and SO 4 2-in the sample prior to processing by TSR. (Fig. 4) and a blank carbon mass of 5.7 ± 0.7 µg C.
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